Glucocorticoids cause secondary osteoporosis and myopathy. The efficacy of vitamin D on osteoporotic fractures is thought to be through direct effects on bone and indirect effects on muscles that help to prevent falls. However, effects of vitamin D on muscles under glucocorticoid treatment remain unclear. Six-month-old female Wistar rats were randomized to four groups: vehicletreated controls; a prednisolone (PSL)-administered group (PSL group); an alfacalcidol-administered group (D group); and a group administered both PSL and alfacalcidol (PSL+D group). After a 4-week treatment period, maximum contractile strength and strength decrement index (SDI), an indicator of muscle fatigue, were measured in the calf muscle by electrical stimulation of the sciatic nerve. Cross-sectional area (CSA) of muscle fibers in the tibialis anterior muscle and bone mineral density (BMD) of the femur were evaluated. The PSL group showed significantly lower muscle strength, BMD and CSA of muscle fibers, and significantly higher SDI compared to the other three groups (P < 0.05). No significant differences were observed in any of these parameters among control, D, and PSL+D groups. These results suggest that in glucocorticoid-treated rats, alfacalcidol preserved not only BMD, but also muscle strength and muscle volume, and prevented muscle fatigue.
Due to their potent anti-inflammatory and immunosuppressive properties, glucocorticoids are used to treat numerous clinical disorders. Glucocorticoidinduced osteoporosis is the most common form of secondary osteoporosis, with fractures occurring in as many as 30-50% of patients receiving long-term glucocorticoid therapy (15) . Evidence suggests that the fracture threshold in patients with glucocorticoidinduced osteoporosis is lower than that in patients with primary osteoporosis (45) . Three mechanisms for the increased fracture rate in glucocorticoid-induced osteoporosis have been suggested: apoptosis of osteoblasts and osteocytes; marked alteration of bone turnover; and non-skeletal mechanisms such as increased risk of falls (42) . Glucocorticoids are also known to cause muscle weakness, in the form of "steroid myopathy" (21) , and muscle weakness is considered one of the major risk factors for falls (29) . Increased fall risk is associated with declines in muscle strength and, when combined with increased bone fragility, further increases the susceptibility of the individual to fracture (47) . Natsui et al. (29) reported that patients with glucocorticoid treatment showed substantial loss of lean body mass, which mainly represents muscle volume, combined with decreased bone mineral density (BMD). Vitamin D may have beneficial effects on fracture risk through increases in BMD (11) and/or improvements in muscle strength, thus decreasing the fall risk (6) . Several recent meta-analyses have demonstrated that native or activated vitamin D have preventive effects on falls (5, 16) . This preventive effect on falls contributes to reductions in fractures day after final administration of alfacalcidol and/or prednisolone or their vehicles. General anesthesia was induced by intraperitoneal injection of sodium pentobarbital (30 mg/kg body weight). After opening the posterior surface of the right leg to expose the sciatic nerve in the gluteal region, a bipolar cuff electrode (inter-electrode distance, 5 mm; MD Giken, Tokyo, Japan) was attached to the sciatic nerve (37) (Fig. 1) . The rat was immobilized on a small platform with the knee in a fully extended position and fixed with Kirschner wire. The distal end of the Achilles tendon was exposed and cut at the insertion to the calcaneal bone. A transducer (Orientec, Tokyo, Japan) was attached and fixed next to the stump with a load of 1 N (37). Signals transmitted from the force transducer during isometric muscular contraction were recorded on a force-time curve using a paper recorder (Nihon Kohden, Tokyo, Japan) (37) . To prevent muscle desiccation during the study, the exposed area was covered with mineral oil. The study was conducted at a constant room temperature of 25-27°C. To obtain a tetanic contraction, muscle contraction was induced by a monophasic rectangular pulse with a frequency of 40 Hz, a pulse width of 0.2 ms, and a stimulation intensity of −4 V. Each stimulation took 180 s. Stimulation conditions were determined according to our preliminary studies to with vitamin D administration among elderly osteoporotic individuals (4, 32) . However, whether vitamin D can exert positive effects on muscle function to prevent falls among patients receiving glucocorticoid therapy remains unclear. Muscle weakness is determined by not only decreases in muscle strength, but also muscle fatigue. Contractile tension assessed by electrical stimulation can be used to evaluate skeletal muscle strength and fatigue in animal models (3, 13, 37, 43) . Using this method, the present study investigated whether alfacalcidol [1α(OH)D 3 ], an active vitamin D analog, exerts favorable effects on muscle strength and fatigue in glucocorticoid-treated rats. Preventive effects of alfacalcidol on muscle atrophy and bone loss in glucocorticoid-treated rats were also investigated.
MATERIALS AND METHODS
Animals and experimental protocol. Six-month-old female Wistar rats (Clea Japan Inc., Tokyo, Japan) were housed in a controlled environment (temperature, 23 ± 2°C; humidity, 40 ± 20%) with a 12-h lightdark cycle. Rats were allowed ad libitum access to tap water and commercial standard rodent chow (CE-7; Clea Japan Inc., Tokyo, Japan) (23, 30) . Rats were randomized into the following four groups (n = 6-7 each): 1) control group, administered vehicle of alfacalcidol and vehicle of prednisolone; 2) PSL group, administered prednisolone and vehicle of alfacalcidol; 3) D group, administered alfacalcidol and vehicle of prednisolone; and 4) PSL+D group, administered prednisolone and alfacalcidol. Prednisolone (Predonine ® ; Shionogi Pharmaceutical, Osaka, Japan) was dissolved in 0.9% saline and a dose of 10 mg/kg/day or vehicle (saline) alone was injected subcutaneously every day for 4 weeks. Prednisolone was chosen as a prototypical glucocorticoid used to manage many conditions in humans, such as rheumatoid arthritis, systemic lupus erythematosus, and bronchial asthma. The prednisolone dose was determined based on previous reports (34, 38) . Alfacalcidol (Chugai Pharmaceutical, Tokyo, Japan) was dissolved in medium-chain triglyceride (MCT) and a dose of 0.1 μg/kg/day or vehicle (MCT) alone was administered orally every day for 4 weeks. The dose of alfacalcidol was determined based on a previous study showing that this dose did not elevate serum calcium levels (39) .
Measurement of muscle strength and fatigability.
Calf muscle strength and fatigue were measured the Fig. 1 Schematic illustration of the posterior right hindlimb, indicating the procedures for measurement of muscle strength and fatigue. The lower extremity was immobilized with the knee in a fully extended position and fixed with Kirschner wire. After exposing the sciatic nerve in the gluteal region, the stump of the Achilles tendon was attached to a transducer, then the sciatic nerve was stimulated with a bipolar cuff electrode. Signals transmitted from the force transducer during isometric muscular contraction were recorded.
Inter-observer variations by 3 investigators, as assessed by the coefficient of variation of measurements in 10 randomly selected images, ranged from 1.1% to 4.3%. Muscle fiber CSA based on muscle fiber phenotype (i.e., type I or type II fibers) was not measured in this study, as TA muscle in rats is almost exclusively composed of type II fibers.
BMD measurement. At euthanasia, the right femur was harvested for BMD measurement. BMD at the proximal, middle, and distal thirds of the femur and total BMD of the femur were measured using dualenergy X-ray absorptiometry (QDR-4500 Delphi; Hologic, Bedford, MA, USA) (24) . Protocols for all animal experiments were approved in advance by the Animal Research Committee of Akita University, and all subsequent animal experiments adhered to the "Guidelines for Animal Experimentation" of the university.
Statistical analyses. All data are expressed as mean ± standard deviation (SD). Differences between groups at each time point were evaluated using oneway analysis of variance (ANOVA). Two-way ANOVA (repeated-measures ANOVA) was performed to evaluate the roles of treatment and time in muscle strength and fatigue. Fisher's protected least significant difference test was used as a post hoc test for multiple comparisons. Comparisons of body weight in each group at the beginning and end of the experiment were performed using the paired t-test. All data were analyzed using Statcel2 statistical software (OMS, Saitama, Japan). Values of P < 0.05 were considered significant.
RESULTS

Body weight
No significant differences in body weight were seen among the 4 groups at both the beginning and end of the experiment (Table 1) .
Muscle strength
Muscle strength in all groups decreased in a timedependent manner under electric stimulation (Fig. 2) . seek the optimal condition for glucocorticoid-treated rats (34) . Data from time points of 0, 30, 60, and 180 s after the start of stimulation were used to evaluate muscle strength and fatigue. Muscle strength was defined as the maximum isometric contraction tension of the calf muscles normalized by the body weight of each animal (34) . A strength decrement index (SDI) was used to assess muscle fatigue (9), calculated using the following formula: SDI (%) = {initial contractile tension in the period of stimulation (Ti) − contractile tension at each second from initial stimulation (Tt)} × 100/Ti. This formula provides the attenuation of torque from the beginning of stimulation. A high SDI indicates greater muscle fatigue.
Histological analysis of muscle. After determination of muscle strength, rats were euthanized by CO 2 inhalation. The left tibialis anterior (TA) muscle was removed for histological analysis. TA muscles were chosen for this histological analysis because collection of the entire muscle without damage is easier for TA than for other muscles in the lower extremity. Muscles were rapidly frozen in 2-methylbutane (isopentane) and cooled in liquid nitrogen, then stored at −80°C until analysis. Samples were then cut into 10-μm thick transverse serial sections at the thickest part of the muscle belly, with the cryostat maintained at −18°C. Sections were stained using a histochemical method (adenosine triphosphatase) with preincubation at pH 4.4. To measure cross-sectional area (CSA) of muscle fibers, microscopic images with a magnification of × 200 were captured digitally (BH-2; Olympus, Tokyo, Japan), and individual muscle fibers were traced on-screen using Image J image analysis software (National Institutes of Health, Bethesda, MD, USA). Areas of traced fibers were calculated using Image J software, based on a calibrated pixel-to-actual size (μm) ratio. Five fields were randomly chosen, and 50 fibers per muscle were measured. With this method, intra-observer variations, as assessed by the coefficient of variation for five corresponding measurements in 10 randomly selected fibers, ranged from 0.67% to 3.4%. 
CSA of muscle fibers
CSA of TA muscle fibers was significantly smaller in the PSL group than in the other three groups (Fig. 4 , Table 2 ). No significant differences in CSAs were seen among the control, D, and PSL+D groups.
BMD BMD of the proximal and distal thirds of the femur (cancellous bone-rich sites), and of the total femur were significantly less in the PSL group than in the other three groups (Table 3) . However, BMD of the middle third of the femur (cortical bone-rich site) showed no significant difference among groups. No significant differences among control, D, and PSL+D groups were seen for any BMD measurement sites.
DISCUSSION
Glucocorticoids stimulate muscle proteolysis (10, 22) and inhibit protein synthesis (10, 41), resulting in muscle atrophy and muscle dysfunction. Glucocorticoid-induced myopathy is characterized by a decrease in the size of muscle fibers (13) . In the present study, glucocorticoid treatment caused a 31% decrease in mean muscle fiber CSA of TA muscle compared to controls. These findings are similar to previous animal studies, which have shown a 26% decrease in extensor digitorum longus and soleus muscles in rats (22) and a 26% decrease in diaphragm muscle in hamsters (18) after glucocorticoid administration.
Muscle weakness of the lower extremity has been recognized as an important factor contributing to Two-way ANOVA showed significant differences in both the role of time (P < 0.0001) and the role of treatment (P = 0.0083). Post hoc testing for treatment showed that muscle strength was significantly lower in the PSL group than in control and D groups (P = 0.011 and P = 0.009, respectively). However, no significant differences in muscle strength were observed among control, D, and PSL+D groups.
Comparison of treatments at each time point by one-way ANOVA revealed significant differences in muscle strength among groups at the time points of 0, 30, 60, and 180 s (P = 0.0089, P = 0.0257, P = 0.0087, and P = 0.0034, respectively). Significant differences between groups at these time points are shown in Fig. 2 .
Muscle fatigue SDI in all group increased in a time-dependent manner under electric stimulation (Fig. 3) . Two-way ANOVA showed a significant difference in both the role of time (P < 0.0001) and the role of treatment (P = 0.0207). Post hoc testing for the treatment showed that the SDI of the PSL group was significantly higher compared to the control, D, and PSL+D groups (P = 0.0209, P = 0.0042, and P = 0.0205, respectively). However, no significant differences in SDI were observed among the control, D, and PSL+D groups.
Comparison of treatments at each time point by one-way ANOVA found significant differences in SDI among groups at the time point of 60 s (P = 0.0229). Significant differences between groups at this time point are shown in Fig. 3 . risk of falls (26) . Muscle fatigue could also represent a potential risk factor for slip-induced falls (31) . Glucocorticoid administration in the present study decreased maximum contractile strength and increased muscle fatigability. Many muscle properties change during fatigue, including action potential, extracellular and intracellular ion concentrations (46) , and levels of many intracellular metabolites (1, 28) . In the traditional explanation, accumulation of intracellular lactate and hydrogen ions causes impairment of contractile proteins (20) . Glucocorticoid treatment reportedly results in a significant decrease cytoskeletal proteins (8) , and regulates phosphate metabolism in myoblasts (8) . A recent study revealed that 1α,25(OH) 2 D 3 also affects muscle function through a transcription-enhancing role on proteins such as insulin-like growth factor (IGF)-I and its binding proteins, in addition to direct involvement in calcium metabolism, thus indicating an anabolic effect on muscle tissue (19) . IGF-I induces proliferation, differentiation and hypertrophy of skeletal muscle (2) . Conversely, as non-genomic effects in muscle, 1α,25(OH) 2 D 3 activates protein kinase C to release calcium into the cytosol (12, 27) and stimulates protein synthesis in muscle cells (36) . These effects of vitamin D could also be exerted even under glucocorticoid treatment. Several limitations in the present study warrant attention. First, the duration of treatment with alfacalcidol was only 4 weeks, although the length of treatment was determined based on previous studies (24) . Duration of treatment appears to represent an important factor, and the effects of vitamin D treatment on muscles in glucocorticoid-treated animals should be further clarified in future studies by increasing the duration of administration. Second, the present study did not measure muscle fiber CSA based on muscle fiber phenotype, as TA muscle in rats is almost exclusively composed of type II fibers. Although glucocorticoids are known to cause muscle atrophy of fast-twitch (type II) muscle fibers (13) , the effects of glucocorticoids on muscle fiber phenotypes in other muscles should be evaluated in future studies.
In conclusion, the present study demonstrated that alfacalcidol treatment in glucocorticoid-treated rats prevented not only decreases in BMD, but also muscle atrophy and muscle fatigue, and preserved muscle strength. Administration of alfacalcidol may have positive effects on skeletal muscles in patients treated with glucocorticoids, in addition to the known effects on bone metabolism. REFERENCES in phosphofructokinase (PFK), an important enzyme for anaerobic energy production, in skeletal muscle (25) . Decreased PFK activity may thus result in increased muscle fatigability in glucocorticoid-treated rats.
In the present study, calf muscles were electrically stimulated for 180 s at 40 Hz. This stimulation condition was determined based on our preliminary studies with glucocorticoid-treated rats (34) . Type I muscle fibers (slow-twitch muscle) are known to be stimulated at a lower frequency (10-20 Hz) than type II muscle fibers (fast-twitch muscle; 30-60 Hz) depending on the nerve supply (17) . Among several stimulatory conditions ranged from 20 to 100 Hz, our preliminary studies identified stimulation at 40 Hz as the best condition to show differences in muscle strength and fatigue between controls and glucocorticoid-treated rats (34) . This is probably because glucocorticoid-induced myopathy is characterized by atrophy of type II muscle fibers (13) . We have thus determined 40-Hz stimulation represents the optimal condition for drug intervention in glucocorticoid-treated rats (34) . To the best of our knowledge, no previous studies have examined the effects of vitamin D or its active analogues on skeletal muscle strength and fatigue in glucocorticoid-treated animals. In the present study, alfacalcidol prevented not only decreases in BMD, but also muscle atrophy and muscle fatigue, and preserved muscle strength in glucocorticoid-treated rats. The mechanisms by which alfacalcidol exerts these effects on muscles in glucocorticoid-treated rats remain unclear. However, various lines of evidence regarding effects of vitamin D on muscles have been reported. Vitamin D receptors have been identified in skeletal muscle tissue (14) , and recent studies have shown that vitamin D inadequacy is a factor in loss of muscle mass and muscle strength (44) , increased body sway, increased risk of falls, and fall-related fractures (33). Sφrensen et al. (40) showed an increase in relative fiber composition and in size of type II fibers after treatment with alfacalcidol and calcium using muscle biopsies from elderly women. In a randomized controlled study by Sato et al.(35) , treatment of elderly stroke patients with vitamin D increased type II muscle fiber diameter and the percentage of type II fibers over a 2-year period. In addition to the effects of vitamin D on muscle morphology, several genomic and non-genomic effects of vitamin D in muscle have been reported. As genomic effects, 1α,25(OH) 2 D 3 regulates muscle calcium uptake (7) , affects the synthesis of muscle
